These proceedings introduce the main techniques and ideas for a systematic effective field theory analysis of CP violation in the charged lepton sector. This study is required because the Standard Model of particle physics predicts a very high degree of CP violation suppression in the lepton sector, and this implies that possible new physics effects can be parameterised in terms of new interactions among the Standard Model fields, in the framework of the so-called Standard Model Effective Field Theory. In analogy with previous investigations of charged lepton flavour violating observables, this document illustrates how the current limits on leptonic CP violation coming from the electric-dipole moment of the leptons can be recast into constraints on the effective coefficients defined at a given decoupling scale. Furthermore, important bounds acting on previously unconstrained parameters are discussed.
Introduction
The Standard Model (SM) of particle physics fails to explain the origin of matter, the nature of neutrino oscillations, the observation of dark matter and dark energy satisfactorily, and it does not accommodate gravity. Consequently, it is accepted as a low-energy manifestation of an ultimate theory, defined at the Planck energy scale, which should incorporate solutions to these open problems.
With the assumption that these unexplained observables find their natural solution at some energy higher than the electroweak (EW) symmetry-breaking scale, the impact of such new physics (NP) can be well described by the SM effective field theory (SMEFT) [1, 2, 3, 4, 5, 6, 7] . This theoretical framework consists of a parameterisation of the NP in terms of new interactions associated with non-renormalisable operators and is extremely efficient for the study of observables related to vanishing or suppressed SM predictions.
One class of such observables is related to CP violation in the lepton sector, which is completely absent at the tree level in the SM. Nevertheless, the observed baryon-antibaryon asymmetry in the Universe [8] calls for enhanced CP violation with respect to the amount provided by the Cabibbo-Kobayashi-Maskawa (CKM) matrix of the SM [9] , and there is yet no experimental evidence for the elusive θ QCD term [10] . Therefore, it is assumed that an extra contribution could come from beyond-the-SM (BSM) physics at higher energies. Such NP could also give rise to non-vanishing CP-violating contributions in the lepton sector [11, 12] .
The most relevant example of a CP-violating observable in the charged lepton sector at low energy is the electric-dipole moment (EDM), which is predicted to be very small in the SM [13, 14, 15] and so far has not been observed in precision experiments [16] . This makes it especially suitable for analysis within a SMEFT framework.
In these proceedings, a systematic SMEFT analysis of lepton EDMs is performed up to the one-loop level with the inclusion of dimension-six operators, and the current experimental bounds are recast into constraints on the effective coefficients defined at higher energy scales.
In Section 2, the lepton sector of the SMEFT, with the inclusion of dimension-six operators, is presented together with a low-energy EFT valid at the lepton mass scale. Section 3 describes the relation between leptonic EDM and effective coefficients and current experimental limits are listed. In Section 4, the connection between the effective coefficients defined above and below the EW scale and their mixing effects are explained. In Section 5, experimental bounds are interpreted in terms of limits on the effective coefficients at the EW scale and above. Finally, Section 6 briefly discusses prospects for SMEFT analysis in connection with lepton EDM.
Standard Model Effective Field Theory for Charged Leptons
In this section, a set of SMEFT operators is formally introduced and discussed in the light of lepton EDM relevant phenomenological aspects.
First, BSM is assumed to generate non-standard interactions at some large energy scale, Λ UV . Exploiting the Appelquist-Carazzone theorem [17] , these new interactions are parameterised by higher dimensional operators:
where the complete set of operators up to dimension-seven are presented and discussed in [1, 2, 4] . The dimension-five operator studied in [18, 19] is severely constrained by the smallness of the neutrino mass scale, and operators with a dimension higher than six are scale-suppressed by construction. For the purpose of illustration, only the leptonic SMEFT operatorial classes listed in Tables 1 and 2 are considered. In principle, more non-leptonic dimension-six operators could have an impact on leptonic EDM via quantum fluctuations [20] , but a complete treatment of leading and subleading effects is beyond the scope of this discussion and will be presented in a future publication [21] . The notation and conventions adopted in the following analysis are taken from [22] . (LL)(LL) (RR)(RR) Table 2 : Leptonic dimension-six operators consisting of four fermions, according to [2] .
The Hermiticity of the physical Lagrangian enforces the coefficients of the operatorial class ψ 2 ϕ 2 D to be real. Focusing on the one-loop contribution to the flavour-diagonal lepton-dipole momenta, one should also notice that the operatorial classes (LL)(LL) and (RR)(RR) could only give rise to real contributions. Consequently, they will not contribute (up to the one-loop level) to leptonic EDMs and will not be considered further.
Working in the broken phase rather than in the gauge basis, the two operators of the ψ 2 Xϕ set can be rewritten using
where s W = sin(θ W ) and c W = cos(θ W ) are the sine and cosine of the weak mixing angle. The operator Q eϕ mixes with the dimension-four SM Lagrangian and redefines the relations among the Yukawa couplings and masses [23, 24, 25, 20, 22] :
where both y l and C ll eϕ are complex parameters. For the correct gauge-invariant evaluation of the Q eϕ contribution to the leptonic EDMs (and flavour-diagonal dipole moments in general), the prescription of Eq. (2.4) is crucial.
The operator Q le requires additional consideration. The one-loop investigation of its chiral structure reveals a non-vanishing contribution in the naive anticommuting γ 5 scheme and, viceversa, a vanishing contribution when the Breitenlohner-Maison-'t Hooft-Veltman scheme is used 1 . A scheme-independent result is only obtained when the two-loop anomalous dimensions are considered in the operatorial mixing, similarly as in [28, 29] . Considering only the one-loop finite contribution, as was done in [23, 22, 30, 31] , leads to non-physical results and should be avoided.
The natural energy scale for the measurement of the lepton EDM lies below the EW scale, which implies that L SMEFT should be matched to an effective Lagrangian invariant under QED and QCD symmetries that include higher-dimensional operators (see [32] for the complete tree-level matching). For simplicity, only a single low-energy dipole operator will be considered in addition to the dimension-four QED and QCD Lagrangian 2 , i.e.
where F µν is the electromagnetic field-strength tensor and Λ EW is the EW energy scale. In Section 4, the complete one-loop contribution of the dimension-six operators listed in Tables 1 and 2 to the imaginary part of C ll eγ is presented. Several openly available tools were used to perform such a calculation in an automated way: the described model was implemented in FeynRules [33] to obtain consistent Feynman rules 3 ; the FeynArts interface of FeynRules was exploited to produce a model file for the FeynArts [34] and FormCalc [35, 36] packages; and the combined packages FeynArts/FormCalc were employed to generate non-integrated amplitudes, which are later elaborated with the symbolic manipulation system Form [37] . 1 For a recent review of regularisation schemes see [26] , and for γ 5 -related issues see [27] . 2 In principle, below the EW scale, one should also adopt a complete basis of dimension-six operators, as was done in [29] , for the study of muonic LFV processes. Again, such a complete analysis will be presented later in [21] . 3 The model file is available upon request.
Electric-dipole moment of leptons
This section defines the relevant observables and connects them with the effective coefficients as well as listing the current experimental bounds on lepton EDMs. Following [38, 39] , the structure of the fermionic dipole interaction can be defined as:
where the static charge and dipole moments are defined at q 2 → 0:
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In the previous equations, a f and d f are the anomalous magnetic and electric dipole moments of the fermion f , respectively. At the lepton mass scale, the operator introduced in Eq. (2.5) will contribute to the lepton dipole moments:
Therefore, the imaginary part of the flavour-diagonal C eγ coefficients represents the essential quantity to connect with the SMEFT dimension-six coefficients defined above the EW scale. Such quantities should be studied in the light of the current experimental limits for the lepton EDMs [40, 41, 42] :
These values can be trivially recast in terms of limits on the low-energy effective operator C eγ defined at the lepton mass energy scale:
The equations above can not be directly translated into the SMEFT picture with a naive tree-level approach. Instead, the strategy of regions [43] and standard renormalisation-group evolution (RGE) technologies (both embedded in a consistent perturbative approach) should be exploited to connect these constraints to SMEFT dimension-six coefficients defined at higher energies. The next section outlines the main ideas behind such a procedure.
Anomalous dimensions and matching between LEFT and SMEFT
In this section, the items required to connect the effective coefficients at different energy scales are described.
To identify the leading contribution to the operatorial mixing into dipole operators, it is necessary to evaluate their RG equations. For L LEFT , the result was presented in [44, 29] and reads:
where the indices l and r indicate a sum over the leptonic flavours and c indicates a sum over the u-type quarks (with the top-quark integrated out). For L SMEFT , the result was presented in [24, 25, 20, 22] , and if only the gauge couplings and the top-quark Yukawa coupling are kept, then it reads:
The tree-level and one-loop matching of the relevant operators at the EW energy scale are described in Tables 3 and 4 , respectively. The latter is obtained by straightforward application of the strategy of regions [45, 43, 46] . These elements are pieced together in the next section in a consistent phenomenological overview of experimental limits acting on the effective coefficients defined at higher energy scales.
Results
The main running and mixing effects give rise to the set of uncorrelated limits in Table 5 evaluated at the EW scale Λ EW 100 GeV. Any BSM theory matching with the SMEFT coefficients involved in this analysis should respect these limits at the EW scale. Interestingly, some of these constraints are orders of magnitude more stringent than the analogous ones extracted using tree-level collider analysis. For example, the limits on C 1111 lequ(3) presented here and in [47] can be compared. This enforces the conclusion that adopting a perturbative approach with higher-order leading contributions to precision observables can give radically different qualitative and quantitative results with respect to a tree-level collider analysis. In Figure 1 , the limits on the effective contribution at the EW scale to the imaginary part of the flavour-diagonal C eγ coefficients from the ACME (left panel) and Muon g − 2 (right panel) collaborations are plotted. The leading one-loop logarithms give constraints on C eγ , C eZ and C ll33 lequ (3) defined at higher energies Λ UV .
Conclusion
CP violation in the charged lepton sector of the SM was studied in a SMEFT framework with the inclusion of dimension-six effective operators.
The current experimental limits on lepton EDMs were translated into constraints on the imaginary part of the complex effective coefficients defined at the EW scale and above. Exploiting a systematic one-loop SMEFT analysis, new bounds on the coefficients above were presented.
The most stringent bounds are obtained in connection with the electron EDM due to the extreme accuracy on the experimental limit, while the current determination of the τ EDM does not allow for reasonable bounds. This could potentially improve in the future with the advent of innovative ideas for a better determination of the τ EDM [48] .
However, this study is far from being comprehensive by regarding all the possible features of a complete SMEFT analysis. Important multi-loop effects are neglected, including the twoloop mixing of Q le into the dipole operator Q eγ . Furthermore, non-trivial mixing and matching effects can arise through consideration of the complete set of dimension-six SMEFT operators rather than the leptonic subset analysed here. These gaps in the analysis will be explored in a future publication [21] .
